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To understand the earthquake generation in volcanic areas, it is important to investigate the presence of geofluids
in the uppermost crust. We applied ambient noise tomography to the Naruko/Onikobe volcanic area and constructed
a detailed 3-D S-wave velocity (Vs) model using continuous records from a dense seismic network and surrounding
stations. The low-velocity zones were found beneath Naruko Volcano, Onikobe Caldera, and Mt. Kurikoma. The
low-velocity zone beneath Onikobe Caldera may correspond to a magma reservoir, which is also characterized by
surrounding S-wave reflectors. The molten magma originates from the upwelling flows in the mantle wedge. We
also conducted the relocation of aftershocks of the 2008 Iwate–Miyagi Nairiku earthquake by double-difference
tomography based on the obtained velocity model. Beneath Mt. Kurikoma, aftershock distribution delineates one
of the unfavorably oriented fault planes of the main shock, which implies that the low-velocity zone around the
fault plane is related to the presence of overpressurized fluid.
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The Naruko/Onikobe volcanic area is located on the vol-
canic front of the NE Japan arc (Fig. 1), where the Pacific
Plate is subducting along the Japan Trench beneath the
North American Plate. Along with the subduction, hy-
drated minerals in the oceanic plate (Pacific Plate) are
dehydrated under high temperature and pressure, and
water is released from the underlying plate to the mantle
wedge. This water migrates as upwelling flows in the
mantle wedge and eventually reaches the crust beneath
the volcanic front. The study area is one of the typical
geo- and hydro-thermally active areas generated under
this system, and the area includes two active Quaternary
volcanoes (Naruko Volcano and Mt. Kurikoma). The
latest eruption of Naruko Volcano occurred in 837, and* Correspondence: jtamura9@gmail.com
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the Creative Commons license, and indicate ifMt. Kurikoma underwent small eruptions in 1744, 1783,
and 1944. In addition to these active volcanoes, there are
two calderas (Onikobe and Mukaimachi Calderas), which
were formed approximately 50 ka ago and during the
Pliocene, respectively.
This region is influenced by the Tohoku backbone
range strain concentration zone along the volcanic front
(Miura et al. 2004), and compressional inversion tecton-
ics are predominant (Sibson 2009). This is explained by
the relative motion of the plate subduction in the EW
direction and the crustal softening due to geofluids such
as molten magma and geothermal water in the crust
(Hasegawa et al. 2009). Many normal faults were formed
under the extensional stress regime during the Miocene
when the Japan Sea opened, and they act as reverse
faults under the current compressional stress regime
(Okada et al. 2012). Consequently, several large shallow
earthquakes with reverse-type focal mechanisms have
occurred in and around the study area [e.g., the 2003
northern Miyagi earthquake (M 6.4) and the 2008
Iwate–Miyagi Nairiku earthquake (M 7.2)].article is distributed under the terms of the Creative Commons Attribution 4.0
rg/licenses/by/4.0/), which permits unrestricted use, distribution, and







Fig. 1 Distribution of seismic stations in the study area. Blue triangles denote the temporal stations of the Naruko array. White triangles are the
permanent stations operated by Tohoku University and Hi-net/NIED. Red triangles are Quaternary volcanoes. The yellow star represents the epicenter
of the 2008 earthquake, and the white rectangular box delineates the spatial extent of the aftershock area
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in the central part of NE Japan on June 14, 2008. The
earthquake was typical of inland (intraplate) earthquakes
in NE Japan, and its magnitude was 7.2. The focal mech-
anism was reverse-type with a NW–SE-oriented P-axis.
A large slip occurred along the westward dipping plane
(e.g., Ohta et al. 2008), although conjugate faulting also
occurred along the eastward dipping plane (e.g., Takada
et al. 2009). The spatial extent of the aftershock area was
approximately 60 km in the strike direction. The after-
shock area extended further south of the large slipped
area (e.g., Iinuma et al. 2009), and the study area corre-
sponds to the southwest end of the aftershock area. Be-
fore the 2008 earthquake, preceding seismic events
occurred on the same fault plane in the vicinity of the
mainshock of the 2008 earthquake, including an M 4.5
earthquake on April 19, 1999, and an M 4.9 earthquake
on February 11, 2000 (Okada et al., 2012).
Several seismic tomography studies have been carried
out in and around the focal area, and distinct low-velocity
zones (LVZ) with high P-wave velocity (Vp)/Vs have been
recognized in the lower crust beneath volcanoes (Nakajima
and Hasegawa 2003; Okada et al. 2010; Okada et al. 2012;
Okada et al. 2014). They are considered to be molten
magma originating from the upwelling flows in the mantle
wedge. In addition, some LVZs with high Vp/Vs in theupper crust are thought to be overpressurized fluid (Okada
et al. 2012). At present, however, the structures of the
volcanoes and calderas remain unclear because seismic
body-wave tomography cannot resolve structures in
the uppermost crust. Detailed information on volcanic
structures is therefore necessary to understand the rela-
tionship between probable geofluids and the generation of
earthquakes.
With the development of seismic interferometry, which
provides the Green’s function of wave propagation between
a pair of stations from the correlation of ambient noise
recordings, its application to tomography has developed
greatly in recent years. The tomography technique is re-
ferred to as ambient noise tomography (ANT) and has
been applied at various scales depending on the frequency
ranges of microseisms and sensors. The microseismic
band containing ambient noise ranges approximately
from 0.05 to 1.0 Hz, at which the primary and secondary
microseisms are generated at the sea floor with different
mechanisms (Longuest-Higgins 1950; Hasselmann 1963).
Because surface waves at these frequencies are sensitive to
a few tens of kilometers in depth, ANT has been applied
to many regions to study crustal structures (e.g., Shapiro
et al. 2005; Moschetti et al. 2007; Lin et al. 2008; Li et al.
2009; Yang et al. 2011; Nicolson et al. 2012). At local
scales, ANT has proven to be an effective tool for imaging
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2012; Nagaoka et al. 2012; Jaxybulatov et al. 2014; Mordret
et al. 2015; Shomali and Shirzad 2015).
In this study, we perform ANT using continuous noise
records observed by a dense seismic network and sur-
rounding seismic stations. We present the results and
discuss the presence of geofluids and their relationship
to the aftershock distribution of the 2008 earthquake.
Data and methods
We used continuous velocity records from October 2010
to March 2012 observed by 14 permanent stations and
50 dense temporary stations (Okada et al. 2014). Figure 1
shows the station distribution in the study area. The
permanent stations include 1-Hz short-period sensors
operated by Hi-net/NIED and Tohoku University. The
temporary stations, which we call the Naruko array,
comprise short-period sensors with a natural frequency
of 2 Hz and are operated by Tohoku University. The
average interval of the Naruko array is a few kilometers.
The sampling frequency of all the sensors used in this
study is 100 Hz. We only used the vertical components
of seismographs to extract Rayleigh waves, which have
predominant sensitivity to SV-wave velocity. In our
processing, ambient noise tomography was performed
as follows: (1) preprocessing, (2) noise cross-correlation,
(3) dispersion curve measurement, (4) tomographic inver-
sion, and (5) construction of a 3-D Vs model.
During the preprocessing (1) and noise correlation (2)
stages, we generally followed the method of Bensen et al.
(2007). Data were divided into 10-min segments with an
overlap of 5 min and down-sampled from 100 to 20 Hz,
and instrumental correction was then applied. Next,
mean removal and spectral whitening were performed
for each segment to constrain earthquake signals. Cross-
spectra were then calculated for each pair of segments
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Fig. 2 Paste-ups of cross-correlation functions in the frequency bands o
aligned depending on their back azimuth and interstation distance. Each wa
indicate the travel time of waves with a propagation velocity of 3 km/sstations. The stacking periods ranged from 4 to 18 months
because of the maintenance and deployment of stations.
Figure 2 shows paste-ups of cross-correlation functions fil-
tered in bands of 0.1–0.2 Hz and 0.2–0.4 Hz. Wave trains
appear at both negative and positive lag times with a
propagation velocity of approximately 3 km/s. We assume
that Rayleigh waves, generated by the nonlinear inter-
action of the ocean waves (Longuest-Higgins 1950), are
fairly dominant in this frequency range.
In the third stage, we performed the dispersion curve
measurement. Conventionally, frequency-time analysis
(FTAN) (e.g., Dziewonski et al. 1969; Bensen et al. 2007)
has been used in most ambient noise studies to extract
group velocity dispersion curves from empirical Green’s
functions (EGF). Here, a narrow-band filter is applied to
an EGF, and the group velocity at the central frequency
of the filter is then measured from the envelope peak of
the filtered EGF. The group velocity can also be con-
verted into phase velocity, if intrinsic and source phase
uncertainties are determined (e.g., Lin et al. 2008). One
of the restrictions in this method is that a short intersta-
tion distance should be avoided for the far-field approxi-
mation in the interpretation of the time-domain signal.
Generally, the method is restricted to greater than one
wavelength for local scales (e.g., Masterlark et al. 2010)
and three wavelengths for regional scales (e.g., Lin et al.
2008; Yang et al. 2011). However, some studies have con-
ducted the measurement of phase velocity dispersion
curves by employing the spatial autocorrelation (SPAC)
method (Aki 1957), which is theoretically free from in-
terstation distance. Ekström et al. (2009) retrieved dis-
persion curves by correlating the zero-crossing positions
of cross-spectra with those of the Bessel function. The
spatial patterns of their tomography results are quite
similar to those from the FTAN method. Nagaoka et al.
(2012) performed the measurement in two steps; they
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f a 0.1–0.2 Hz and b 0.2–0.4 Hz. Cross-correlation functions are
veform is averaged over every 2 km of interstation distance. Broken lines
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methods use the real part of the stacked cross-spectra,
which is equivalent to the even part of the cross-
correlation functions used in the FTAN method. In this
study, we adopted the two-step technique of Nagaoka
et al. (2012) because it is robust against the anisotropic
distribution of ambient noise. In the first step, we estimated
a reference dispersion curve by fitting the zero-order Bessel
function of the first kind to the observed cross-spectra of
all station pairs at each frequency, thereby obtaining refer-
ence cross-spectra. Figure 3a shows the results of the grid
search for the determination of the reference dispersion
curve. The figure shows a clear fundamental Rayleigh wave
branch up to 0.45 Hz. This curve is similar to the disper-
sion curve produced from the JMA2001 model (Ueno et al.
2002). In the second step, we measured the phase velocity
for each station pair by searching a phase shift between
the observed and the reference cross-spectra within a
frequency band of interest. A phase shift can be represented
by a perturbation from the reference velocity, and thus, we
derived the measured phase velocity for each frequency
band. The frequency bands were set as follows: a central
frequency range from 0.15 to 0.40 Hz with a bandwidth of
0.05 Hz, and a frequency step of 0.025 Hz. To select reliable
measurements, we set up four criteria: interstation distance,
phase detection, quality control, and outlier removal. First,
interstation distance must be greater than the second zero-
crossing of the reference spectra in the direction of the in-
creasing frequency. This is because it is difficult to find a
phase shift at small distances because of the small number



































Fig. 3 Reference and measured phase velocity dispersion curves. a Varianc
The red line is the reference curve determined by grid search, and the whit
JMA2001 model. b Dispersion curves from the ray paths shown in c. The re
dispersion curve produced from the JMA model, respectively. c Ray paths o
triangles are Quaternary volcanoesfunctions extracted at small interstation distance are more
susceptible to anisotropic noise distribution (e.g., Weaver
et al. 2009; Froment et al. 2010). The second criterion ap-
plies to the phase detection stage. The initial perturbation
was searched for within 20 % of the reference, and the sub-
sequent perturbation was restricted to a range within 7 %
of the previous frequency band, which is similar to Nagaoka
et al. (2012). When no minimum fitting was found within
the search range, we stopped measuring the phase velocity
in the following bands. Third, the variance reduction ob-
tained from the phase detection must be greater than 0.3 as
a quality control. Finally, we discarded phase velocities that
fell outside the 3-sigma range at each central frequency as
to remove outliers. Table 1 summarizes the number of ray
paths that fulfilled the four criteria. Figure 3b shows
two examples of measured phase velocity dispersion curves
on two straight ray paths. The path between IKS02 and
NRK07 (green line) passes through Onikobe Caldera and
on the western side of Naruko Volcano. The path between
MKM01 and N.OGCH (blue line) passes on the outer rims
of the calderas. The phase velocity on the path between
IKS02 and NRK07 is lower than that on the path between
MKM01 and N.OGCH. In particular, there is a significant
velocity reduction between 0.15 and 0.30 Hz, which im-
plies the presence of a soft material at depths of ap-
proximately 4 to 6 km.
In stage 4, we inverted the phase velocity measure-
ments for the 2-D phase velocity maps on a 0.04° × 0.04°
grid at central frequencies from 0.15 to 0.40 Hz. The
tomography was performed using the linear inversion












e reductions for the determination of the reference dispersion curve.
e dashed line represents a dispersion curve produced from the
d and black lines represent the reference dispersion curve and the
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Table 1 Numbers of ray paths selected by the data selection
criteria at each frequency
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introduced to regularize the objective function, and the
optimal value was determined by the trade-off curve be-
tween model variance and the RMS residual. For the a
priori covariance matrix, we assumed a diagonal matrix
whose elements are the observational error of 0.13 km/s
based on phase velocity measurements on the similar
ray paths. Figure 4 shows the phase velocity maps at 0.2
and 0.4 Hz. At 0.2 Hz, a distinct LVZ with a diameter of20 10
dC
0.2 Hz








Fig. 4 Examples of ray path coverage, phase velocity, and resolution maps
0.2 Hz. The triangles denote Quaternary volcanoes. The white rectangular bo
elements of resolution matrix at 0.2 Hz. d, e, and f are the same as a, b, anabout 10 km is seen beneath Onikobe Caldera and a small
LVZ with a diameter of about 5 km is seen southwest of
Naruko Volcano. At 0.4 Hz, these LVZs become smaller;
the radii of LVZs beneath Onikobe Caldera and Naruko
Volcano are approximately 5 km. Other LVZs are found
beneath several volcanoes including Mt. Kurikoma, al-
though those outside the Naruko array were imaged as
artifacts due to poor path coverage. To check the re-
coverability with the given path coverage, we conducted
checkerboard resolution tests. Input models were pro-
duced by alternatingly placing cells with a ±20 % perturb-
ation from the background velocity. Figure 5a shows the
input and output models with 0.04° by 0.04° anomalies for
the path coverage at 0.2 Hz, and Fig. 5b shows those with
0.08° by 0.08° anomalies. Anomalies in the area enclosed
by the Naruko array are fairly well resolved for both tests.
However, the poor path coverage outside the Naruko array
yields linear artifacts. It should also be noted that the as-
sumption of the great-circle path propagation may not
account for the focusing and defocusing effects of
anomalies as large as 20 %, and the geometrical ray
approximation may overestimate their size (Yoshizawa
and Kennett 2002).
In stage 5, we inverted the obtained phase velocities
for a 1-D Vs profile at every grid point, thereby constructing
a 3-D Vs model. We used the linearized inversion algorithm0 10 20
/C [%]










. a Ray path coverage at 0.2 Hz. b Phase velocity perturbation map at
xes delineate the spatial extent of the aftershock area. c Diagonal
d c, respectively, but for 0.4 Hz
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Fig. 5 Checkerboard tests. a Input (left) and output (right) models with 0.04° by 0.04° anomalies at 0.2 Hz. b The same as a but with 0.08° by
0.08° anomalies
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function to be minimized is
miþ1 ¼ m0 þ CmGTi Cd þ GiCmGTi
 −1
d−g mið Þ þ Gi mi−m0ð Þð Þ
ð1Þ
where d is the data vector and m0 and mi are the refer-
ence and ith model vectors, respectively. g is the func-
tional of the model vectors, and Gi is the kernel matrix
for the ith model, which is calculated by the DISPER80
program (Saito 1988). The a priori covariance matrix of
data vectors Cd is assumed to be diagonal and composed
of the square of uncertainties. Following Nataf et al.
(1986), we took into account the smooth variation of the
parameters and the geophysical relationship among
parameters by employing the a priori covariance matrix of
model vectors Cm defined as





where σ is the a priori standard deviation treated as a
hyper parameter, ri is the depth of the ith layer, and Δ isthe vertical correlation distance that acts as a smoothing
factor. The vertical correlation distance was set to 1 km,
without significant vertical smearing. A priori standard
deviations were selected from the range between 0.1 and
1.0 km/s, and an optimal value was determined from the
trade-off curve between model variance and the RMS re-
sidual. During the inversion, a model was substantially
parameterized by S-wave velocity in eight layers from
the surface down to a depth of 8 km with a thickness of
1 km. For simplicity, the P-wave velocity was scaled as a
function of S-wave velocity based on the empirical rela-
tion described in Brocher (2005), and the density was
subsequently scaled by the inferred P-wave velocity
using Gardner’s rule (Gardner et al. 1974). Uncertainties
of data were uniformly taken to be 0.1 km/s based on
the a posteriori error covariance matrix of the surface
tomography, as it is difficult to obtain exact estimates.
Although this is arbitrary for the absolute values of un-
certainties in the S-wave velocity, the relative values with
depth will be preserved. We took the JMA2001 model
(Ueno et al., 2002) as an initial model and iterated the
inversion 20 times to obtain an optimal model. Examples
Tamura and Okada Earth, Planets and Space  (2016) 68:5 Page 7 of 11of Vs profiles and phase velocity dispersion curves at two
grid points inside Onikobe Caldera and on its outer rim
are shown in Fig. 6. As can be seen in the figure, the Vs
profile inside the caldera shows a significant low velocity
compared with that on the outer rim.
Results and discussion
Figure 7 shows the Vs model in map view at depths of 1,
3, 5, and 7 km plotted as perturbations from the
JMA2001 model. At 1- and 3-km depths, two small LVZs
are found beneath Naruko Volcano and Onikobe Caldera.
At greater depths, the LVZs beneath Naruko Volcano and
Onikobe Caldera shift southwestward and southward,
respectively. While the distinct LVZ beneath Onikobe
Caldera has been recognized in previous studies (e.g.,
Nakajima and Hasegawa 2003; Okada et al. 2014), the
LVZ beneath Naruko Volcano had previously been re-
solved only by a magnetotelluric survey (Ogawa et al.
2014). We also found a LVZ beneath Mt. Kurikoma al-
though it does not lie in the area with a resolution
matrix entry greater than 0.3 at 0.4 Hz. This LVZ ex-
tends approximately 15 km southward at depths of 5
and 7 km. The LVZs in the south and southeast corres-
pond to a sedimentary basin as mentioned in Okada
et al. (2014). To discuss the LVZs mentioned above, we
compared our results with the distribution of after-
shocks of the 2008 earthquake and S-wave reflectors.
To investigate the relationship between the LVZs in
our model and the aftershock distribution of the 2008
earthquake, we performed hypocenter relocation using
the double-difference tomography method (Zhang and
Thurber, 2003). We used P- and S-wave arrival time data


































Fig. 6 Examples of Vs inversion results. a Vs models produced by linearized
a posteriori covariance matrix of model parameters. The black curve is the i
velocity maps (small circles). Solid lines are the dispersion curves modeled b
Caldera (green star) and on its outer rim (blue star)period from June 14 to September 30, 2008, which is the
same dataset as Okada et al. (2012). The number of sta-
tions and aftershocks are approximately 300 and 26,000,
respectively. We used the Vs model obtained in this
study and a Vp model scaled from the Vs model by the
relation in Brocher (2005) for an input velocity model.
The minimum magnitude was set as 1.5, and 2849 hypo-
centers were consequently relocated from the JMA unified
catalog. The accuracy of the aftershock relocation was less
than 100 m. Aftershocks were distributed avoiding the
LVZ beneath Onikobe Caldera, which can be explained by
material softening under very high temperature of molten
magma. Takada and Fukushima (2013) revealed volcanic
subsidence triggered by the 2011 Tohoku earthquake
(M 9.0) by InSAR analysis. The location of the detected
subsidence beneath Onikobe Caldera is in excellent
agreement with that of the LVZ, which supports the
presence of magmatic and hot plutonic bodies underneath.
Hori et al. (2004) discovered many reflected S-waves
SxS at velocity boundaries within the crust in seismo-
grams of local earthquakes. They estimated locations of
those boundaries based on arrival time differences be-
tween the SxS and direct S-waves with an accuracy of
less than 100 m. These reflectors can be interpreted as
thin fluid-filled cracks (Matsumoto and Hasegawa 1996;
Umino et al. 2002) that would be produced under high
pressure and filled with geofluids.
Figure 9a shows the obtained Vs model in a cross-
sectional view. Along lines A-A’ and C-C’, we see that many
reflectors are distributed encircling the outline of the LVZ
beneath Onikobe Caldera at depths between 2 and 7 km,
and no reflector is found inside. This implies that cracks









inversion at two grid points shown in c Error bars are calculated from
nitial model. b Phase velocity dispersion curves from the phase
y the inversion. c Locations of the two grid points inside Onikobe














Fig. 7 Vs model in map view at the depths of 1, 3, 5, and 7 km. The perturbations from the JMA2001 model are plotted. Triangles and squares
represent the locations of Quaternary volcanoes and S-wave reflectors, respectively. White circles denote aftershocks with a depth range of ±0.25 km.
A gray contour indicates 0.3 of the diagonal elements of the resolution matrix at 0.4 Hz. Lines A-A’, B-B’, C-C’, and D-D’ represent the locations of cross
sections for Fig. 8
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duced around it filled with geothermal water or molten
magma. The LVZ beneath Naruko (lines A-A’ and B-B’)
and the shallower part of the LVZ beneath Onikobe Cal-
dera (line A-A’) imply weak materials such as volcanic de-
posits, fluid-saturated materials, or partial molten magma.
Beneath Mt. Kurikoma (line D-D’), aftershocks around the
LVZ appeared to be distributed along a fault, which corre-
sponds to one of the unfavorably oriented faults mentioned
in Okada et al. (2012). The relocated aftershock distribution
in their study delineate the complex fault planes dipping
westward and eastward and imply the presence of overpres-
surized fluid as a plausible cause of the reactivation of the
misoriented faults (Sibson 1990). Based on an analysis of
the diversity of focal mechanisms, Yoshida et al. (2014) also
concluded that areas of higher pore pressure are distributed
around the large coseismic slip area near Mt. Kurikoma.
Figure 9b shows the Vs model and the aftershock dis-
tribution of Okada et al. (2012) determined by double-
difference tomography. In comparison with this model,
the model in this study is able to resolve smaller velocity
anomalies. As a result, the distribution of aftershockrelocation is improved; some aftershocks at very shallow
depths shift reasonably deeper (line C-C’), and others are
more closely aligned on the fault trend (line D-D’).
Conclusions
A 3-D Vs model determined by ANT revealed detailed
velocity structures beneath volcanoes in the Naruko/
Onikobe volcanic area. The LVZs in the uppermost crust
are better resolved than in previous seismic tomography
studies. Combined with the distribution of S-wave re-
flectors and aftershocks of the 2008 earthquake, the
LVZs are characterized as molten magma or overpres-
surized fluid. The aseismic LVZ surrounded by S-wave
reflectors beneath Onikobe Caldera may correspond to
a magma reservoir. The molten magma, which is recog-
nized in the lower crust as high Vp/Vs LVZs by previous
seismic tomography studies, originates from upwelling
flows in the mantle wedge. Around the LVZ beneath
Mt. Kurikoma, aftershock distribution delineates a fault
plane, which corresponds to one of the misoriented fault
planes of the mainshock of the 2008 earthquake. As sug-
gested in previous studies, the presence of overpressurized
20 10 0 10 20
dVs/Vs [%]



















































































Fig. 9 Vertical cross sections of the Vs models. The locations of lines A-A’, B-B’, C-C’, and D-D’ are shown in Fig. 7. a The Vs model in this study.
Red and blue triangles represent Quaternary volcanoes and stations, respectively. White circles denote aftershock locations with magnitudes greater
than 1.5. Black lines show the locations of S-wave reflectors. Gray dashed lines indicate 0.3 of the diagonal elements of the resolution matrix at
0.4 Hz. b The Vs model of Okada et al. (2012) along the same lines as a. The symbols are the same as a
30 km
Fig. 8 Dataset for aftershock relocation. Blue open squares and gray squares denote stations used for ambient noise tomography and aftershock
relocation, respectively. Green circles show the locations of relocated aftershocks. Red triangles represent Quaternary volcanoes. The black
rectangular box delineates the spatial extent of the aftershock area
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Tamura and Okada Earth, Planets and Space  (2016) 68:5 Page 10 of 11fluid is the plausible cause for the misoriented faulting,
and therefore it is likely that the LVZ contains overpres-
surized fluid. These LVZs imply crustal softening and
stress concentration in the Tohoku backbone range, and
the presence of the geofluids characterizes different
volcanic structures and complex faulting in the Naruko/
Onikobe volcanic area.
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